On the magnetic structure of (Fe;_,Mn,)Pt: A first-principles study 
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ARTICLE INFO ABSTRACT 


This study investigates the composition dependence of magnetic structures of (Fe;_,Mn,)Pt using first- 
principles method. A series of possible magnetic configurations are considered in the calculation to 
compare the relative stabilities after structural optimization, based on which, together with the com- 
parison between theoretical and experimental magnetic properties, the results largely support the ex- 
perimental finding in powders. The experimentally found stability of ferrimagnetic state in films with a 
wide composition range of x < 0.5 is not fully supported by this study. The composition-dependent 
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magnetic structures are discussed according to the exchange interactions. 


1. Introduction 


As a promising material for ultrahigh-density magnetic storage, 
FePt has attracted much attention in recent years, about which the 
research interest covers preparation and characterization of na- 
nostructures, order—disorder transition and magnetic properties 
{1-6]. In addition, many research efforts have been dedicated to 
the investigation of its ternary or quaternary compounds in order 
to tune the saturation magnetization (Ms) and magnetocrystalline 
anisotropy (Ky), Curie temperature, ordering kinetics and so on [7- 
13]. For instance, both the Ms and Ky of thin-film FePt were found 
to decrease steadily when Fe site was doped by Ni, Co, and Cr, from 
which the relationship between Ms (Ky) and the number of va- 
lence electron was generalized approximately independent of 
dopant species. This was further verified by the experiment of 
Meyer and Thiele on (Fe;_,Mn,)Pt films, finding that Ms decreases 
to be zero at x=0.5 [9]. A net antiferromagnetic coupling between 
Fe and Mn was thus concluded (ferrimagnetic). However, earlier 
measurements by Menshikov et al. using neutron diffraction 
showed a complicated magnetic phase diagram of (Fe1-xMnx)Pt 
powders [14]. According to that, the composition range for ferro- 
magnetic state is x < 0.06 at 4.2 K and x < 0.2 under room tem- 
perature. For x > 0.2, it is antiferromagnetic with Ms = 0. This does 
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not agree with the result of steady drop of Ms with x found in the 
films. 

Recently, Gruner and Entel investigated the stability of 
(Fe;_xMn,)Pt nanoparticles (561 atoms) with several magnetic 
configurations using first-principles plane-wave pseudopotential 
method in combination with magic-number clusters approach 
[11]. The results showed alternate stabilities of the considered 
configurations with changing composition. Possible new func- 
tional applications such as inverse magnetocaloric effect in the 
alloy are thus proposed, which may be of interest in the future. 
However, both the evolution of mean magnetic moments of (Fe, 
Mn) site defined as Ffemn) = Li (e, mn)l/n) (n is the number of 
magnetic sublattice) obtained by Menshikov et al. [14] and the 
stability of ferrimagnetic phase found by Meyer and Thiele [9] 
remain not well accounted for due to the complicated magnetic 
phase transitions in the alloys. In that calculation, it was assumed 
that Fe moments aligned with the same wave vector (q) as Mn 
moments in the configurations. This may not be adequate to ad- 
dress the complicated magnetic phases in the alloy since the fer- 
romagnetism in FePt and antiferromagnetism in MnPt indicate the 
possibility that Fe and Mn moments align in different ways (dif- 
ferent q) in (Fei_xMnx)Pt. Besides, the flipping of Mn moments 
needs to be considered extensively in addition to the ferrimagnetic 
case. 

Inspired by the above mentioned, this study has selected a 
series of possible magnetic structures of (Fe;_.Mn,)Pt and calcu- 
lated their energies within density functional theory [15]. After the 
analysis of energetic stabilities and the magnetic properties com- 
pared with the experimental ones, we shall see that the 


consideration of more configurations beyond those in Ref. [11] is 
necessary to offer important knowledge about the composition 
dependence of the complicated phases before exploring the 
functional application of (Fe;_,Mn,)Pt. 


2. Models and calculation details 


The ferromagnetic and possible antiferromagnetic configura- 
tions of interest here are shown in Fig. 1, which are taken from 
those reported or considered in the literatures [9,11,14,16]. They 
are referred to as FM, AF1, AF2 and AF3 which correspond to 
q = (2z/a)(000), (2n/a)(105), (2z/a)(001) and (2z/a)(100), respec- 
tively, in the presentation of face centered cubic lattice (one fer- 
romagnetic and three antiferromagnetic). For the cases with flip- 
ped Mn moments, i.e., Fe and Mn moments align antiparallelly on 
the same sublattice, we refer to them as FM! — FM! (ferrimagnetic), 
AFT — AF}, AF2'- AF2! and AF3'-AF3!, respectively. Since the 
ground state of FePt is ferromagnetic and the ground state of MnPt 
is antiferromagnetic, three configurations are generated from the 
combinations of those in Fig. 1, which are referred to as FM-AF1, 
FM-AF2 and FM-AF3 denoting that Fe moments align ferro- 
magnetically but Mn moments align antiferromagnetically. Simi- 
larly, AF1-AF3 is considered following the reported magnetic 
structure in Ref. [14]. In these four cases, the flipping of Mn mo- 
ments produces no difference. Although the non-collinear states 
were reported in some composition regions [14], in this study, all 
magnetic moments are treated collinearly. This is based on several 
considerations: (i) the calculation is to give a qualitative picture of 
the magnetic structure in the alloys; (ii) the difference in exchange 
energy due to different magnetic alignments is usually large 
compared with the spin-orbit interaction that results in the non- 
collinear alignment; and (iii) to reduce the computational load. 

Since the alloy involves random distribution of Fe and Mn 
atoms, it is a good choice to adopt coherent potential approx- 
imation (CPA) for the study of this kind [17,18], which also facil- 
itates the calculation of complicated magnetic structures. The 
calculation technique applied herein is the first-principles exact 
muffin-tin orbitals (EMTO) based on an improved screened Kor- 
inga-Kohn-Rostoker method in combination with CPA [19,20]. The 
scalar-relativistic Green's function was adopted to solve the one- 
electron Kohn-Sham equation. The one-electron potential was 


(b) AF1 
(c) AF2 
(d) AF3 


Fig. 1. Ferromagnetic and antiferromagnetic configurations for (Fe1-xMnx)Pt with 
wave vectors of (2z/a)(000) (a), (2n/a)(105) (b), (2x/a)(001) (c) and (2z/a)(100) 
(d) in the presentation of face centered cubic lattice. 


represented by optimized overlapping muffin-tin potential 
spheres with soft-core approximation. The full-charge density 
correction was introduced in the total energy calculations [20]. The 
electronic exchange-correlation potential was described with the 
generalized gradient approximation parameterized by Perdew 
et al. [21]. The spdf orbitals were included in the EMTO basis sets 
to construct the wave functions. The Fe-3d74s', Mn-3d°4s? and Pt- 
5d°6s? were treated as valence states. A Gaussian mesh of 16 en- 
ergy points on a semicircle with 1 Ry in diameter comprising the 
valence states was used for energy integration. The Brillouin zone 
was sampled by special k-point technique [22] with a mesh of 
17 x 17 x 19 for FM, AF3 and FM-AF3, and a mesh of 17 x 17 x 9 for 
AF1, AF2, FM-AF1 and FM-AF2. To calculate the exchange inter- 
action, the magnetic force theorem is adopted [23]. 


3. Results and discussions 
3.1. Structural properties and relative stability 


The most sensitive structural parameter to magnetic config- 
urations is the c/a and thus is of interest here. In Fig. 2, we show 
the calculated c/a of (Fe;_.Mn,)Pt without flipped Mn moments 
and the available experimental results. It is found that the differ- 
ence in c/a and its composition dependence can be significant for 
the alloys with different magnetic configurations. For FePt, it has 
the largest c/a for FM (0.972) and the lowest for AF3 (0.910), 
whereas, for MnPt, the situation is reversed with 0.925 for AF3 and 
0.812 for FM. These results are very close to the recent first- 
principles calculation of FePt and MnPt by Lu et al. [16]. It is in- 
teresting that the c/a of MnPt for AF1 is quite close to that for AF3, 
and the composition dependence of c/a for FM-AF1 (AF1) is si- 
milar to that for FM-AF3 (AF1-AF3). Considering the sequence of 
phase transition with increasing x, i.e., FM > AF1 > AF3, reported 
by Menshikov et al. [14], the c/a should decrease with x because c/ 
a deceases in this phase sequence as shown in the figure. This 
agrees with the measured decreasing c/a with x that varies in 
between the calculated ones of FM and AF3. The c/a reported by 
Meyer and Thiele shows similar composition dependence to that 
reported by Menshikov et al., although they were believed to be- 
long to different magnetic phases [9,14]. 

The relative stabilities of magnetic configurations without 
flipped Mn moments are shown in Fig. 3, in which the zero en- 
ergies are set as those of FM state. For FePt, although the most 
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Fig. 2. The calculated c/a for different magnetic configurations without flipped Mn 
moments. The available experimental data measured in powders [14] and films [9] 
are also plotted for comparison. 
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Fig. 3. The calculated energies for different magnetic configurations without flip- 
ped Mn moments. The energy of FM is chosen as the reference. 


stable configuration is FM, the closeness between the energies of 
AF2 and FM indicates that the antiferromagnetic coupling between 
(001) Fe planes is significant at lower c/a (cf. Fig. 2), agreeing with 
the finding by Brown et al. using first-principles calculation [24]. 
For MnPt, AF3 has the lowest energy, consistent with the ground 
state widely reported in the literature [11,16]. For x=0.2, although 
FM-AF3 has the lowest energy of — 1.289 mRy/atom, the energies 
of AF1, FM-AF1 and AF3 are very close to each other. It can be 
expected that the energies of FM—AF1, FM-AF2, FM-AF3 and AF2 
are close to each other in the range of x < 0.2 according to the 
evolution of these energies with respect to x as shown in the 
figure. Similar relations apply also to the energies of FM-AF3, AF1- 
AF3 and AF3 in the range of x > 0.8. As x increases to be larger than 
0.22, AF1 becomes energetically favorable. The situation alters at 
x=0.75, where FM-AF3 becomes more stable until it finally 
transits to AF3. 

For the magnetic configurations with flipped Mn moments, in 
Table 1, we present their c/a's and relative energies (AE) to those 
without flipped Mn moments as presented in Fig. 3. Compared 
with the c/a's in Fig. 2, except for AFT — AF1!, of which the c/a re- 
mains basically unchanged, all of the cases are subjected to an 
increase in c/a of typically 0.01-0.02. The flipping of Mn moments 
results in an enhanced stability (negative AE) for FM’ - FM! com- 
pared with FM, in contrast to the significantly reduced stability 
(positive AE) for AFT — AF1! relative to AF1. AE varies from positive 
to negative with x for AF2'- AF2! and oscillates around zero for 
AF3' — AF3!. However, it is noted that AE is small for the latter two 
configurations. 

The calculated stabilities of the magnetic configurations can be 
summarized according to Fig. 3 and Table 1. For x=0.2, the energy 
of FM'— FM! (— 1.285 mRy/atom) is marginally lower than those of 


Table 1 

The energies (in mRy/atom) for magnetic configurations with Fe and Mn moments 
aligning antiparallelly on the same sublattice relative to those of magnetic con- 
figurations with Fe and Mn moments aligning in parallel (cf. Fig. 3). The 
corresponding c/a's are also presented. 


Alloy (x) FMt— FM! AFT — AFI! AF2! — AF2! AF31 — AF3! 
c/a AE c/a AE c/a AE c/a AE 
0.2 0.961 -—1.285 0.944 3303 0943 0.021 0941 —0.168 
0.4 0.942 -1.502 0.938 5198 0.939 0.005 0.939 0.243 
0.6 0.909 -—1.021 0.933 4.782 0.926 —0.026 0.930 —0.156 
0.8 0.858 0.896 —0125 0.926 0.153 


; —0.430 0.926 3.363 


AF1 (— 1.201 mRy/atom) and FM-AF1 (—1.200 mRy/atom) and is 
quite close to that of FM-AF3 (— 1.289 mRy/atom). For most of 
compositions considered, the ground states are still those de- 
termined in Fig. 3, i.e., AF1 for 0.22 < x < 0.75 and FM-AF3 for 
0.75 < x < 0.8. However, our additional calculation for x=0.9 
shows that the AF3'—AF3! becomes most stable, which is con- 
sistent with the result measured in powder samples [14]. It is 
noted that the results of FM, FM'—FM!, AF1, AF2 and AF3 pre- 
sented in Fig. 3 and Table 1 agree with those calculated by Gruner 
and Entel for (Fe;_,Mn,)Pt nanoparticles [11]. 

It is clear that FM is no longer the ground state on doping Mn, 
contrary to the reported stability of FM in x < 0.06 by Menshikov 
et al. [14]. The calculation does not fully reproduce the stabilized 
FM’ - FM! in the range of 0 < x < 0.5 found in the thin films, which 
may originate in the bulk calculation adopted here. The compo- 
sition of x=0.22 at which AF1 becomes the ground state agrees 
very well with the results measured in powder samples, which 
showed that AF1 became the ground state when x was larger than 
0.2 [14]. The predicted stable AF1 in the range of 0.5 < x < 0.75 and 
stable FM-AF3 in the range of 0.75 < x < 0.8 do not agree with the 
reported canted AF1-AF3 (0.5 < x< 0.8) in powder samples. 
However, the energies of AF1—-AF3 in this range are typically more 
than 0.6 mRy/atom higher than those of the most stable ones (cf. 
Fig. 3). This energy difference is too large to be compensated even 
if we consider the spin-orbit coupling (reason of canting) and do 
non-collinear calculations. The possible reason for the discrepancy 
between theory and experiment may be that the calculation ide- 
ally treats the substitution of Fe by Mn as homogeneous, whereas 
the samples were subjected to local inhomogeneity. 


3.2. Magnetic moments 


In Fig. 4, we present the total magnetic moments per formula 
unit (mot) and the mean magnetic moments per (Fe,Mn) site 
[Fre.mn)] Of all configurations considered and make comparison 
with the available experimental data [9,14]. For the cases with 
flipped Mn moments, FM! - FM! and AF3' — AF3! are considered due 
to their low energies at x=0.2 and 0.8, respectively. In the left 
panel, so, of FM increases linearly with x due to the larger mo- 
ment of Mn than Fe, whereas y,,, of FM-(AF1/AF2/AF3) decreases 
linearly with x simply because of the reducing amount of Fe (Mn 
moments align antiferromagnetically). The kink at x=0.45 in the 
Hot ~ X Of FM’ - FM! indicates that, with x further increases, the 
overall Fe moments are surpassed by the overall antiparallel Mn 
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Fig. 4. The total magnetic moments per formula unit (left panel) and the mean 
magnetic moments per (Fe, Mn) site (right panel) for different configurations as 
functions of x. The total magnetic moments of antiferromagnetic states are always 


zero and thus are not plotted. The experimental data were measured by Meyer and 
Thiele (left panel) [9] and Menshikov et al. (right panel) [14], respectively. 
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Fig. 5. The exchange interactions of FM (a), AF1 (b), AF2 (c) and AF3 (d) as func- 


tions of composition. For FM, the exchange interactions are calculated within the 
single (Fe, Mn) sublattice, while, for AF1, AF2 and AF3, they are those interactions 
between the two (Fe, Mn) sublattices (see more in the text). 


moments. In the right panel, similarly, the kinks in Afe,mn) result 
from the existence of antiparallel alignment of Mn moments with 
Fe moments on the single sublattice of FM’ - FM! and on one of the 
sublattices in FM—-(AF1/AF2/AF3) and AF1—-AF3. Otherwise, f(re,vin) 
increases linearly with x. 

It is seen that the calculated magnetic properties for FePt and 
MnPt are in good agreement with the experiments [9,14]. Al- 
though this study does not support a wide-range stability of 
FM'-FM!, it gives the corresponding p's well agreeing with 
those measured in films. The f(¢¢mny Measured in powder samples 


drops first according to FM! - FM! with x for x < 0.06 (AF3! — AF3! is 
ruled out due to its high energy) and then varies with x in ac- 
cordance with FM-(AF1/AF2/AF3) in the range of 0.06 < x < 0.2. 
Considering the above discussion about the close stabilities of 
these configurations, this study tends to support that FM'— FM! is 
stabilized in x < 0.06 and mixed state is formed in 0.06 < x < 0.2 as 
found in the powder samples [14]. For 0.2 < x < 0.5, the linear 
increase iN Afe mn) Of the stabilized AF1 with x agrees well with the 
experiment. For 0.5 < x < 0.8, according to the above presented 
stabilities of magnetic structures, f(feqny) Should increase linearly 
with x until x=0.75 and then drop to coincide with that of FM- 
AF3, which differs from the gradual decrease in pemn) due to 
(i) the failure to reproduce the experimentally found AF1-AF3 
state and (ii) collinear calculation considered here. The linear in- 
crease in the Afe mn) Of the stabilized AF3! - AF3’ is also verified by 


the experimental ones in the range of x > 0.86. 


3.3. Exchange interactions 


The stabilities of magnetic structures may be qualitatively in- 
terpreted by the exchange interactions (Jo) in (Fei_xMn,)Pt, which 
are presented in Fig. 5. For FM, the Jo's are exchange interactions 
within the single (Fe, Mn) sublattice involving all the exchange 
pairs of specified kind (e.g. Fe-Mn), whereas, for AF1, AF2 and AF3, 
the Jo's are those between the two (Fe, Mn) sublattices. The ex- 
change pairs are considered within the distance of 3a. The positive 
Jo (Jọ) indicates ferromagnetic coupling and the negative Jo (Jj) 
means antiferromagnetic coupling. Since the single (Fe, Mn) sub- 
lattice of FM comprises the two (Fe, Mn) sublattices of AF1, AF2 
and AF3, the Jo's of FM reflect the overall coupling while the Jj's of 
AF1, AF2 and AF3 indicate the viability to form the specified an- 
tiferromagnetic state. 


It is found in Fig. 5a that, the overall FM coupling can be sta- 
bilized for Fe-Fe, in contrast to the instability of FM alignment for 
Fe-Mn and Mn-Mn. When split into two magnetic sublattices 
(Fig. 5b-d), for AF2, the three types of interactions between sub- 
lattices turn to be weakly antiferromagnetically coupled when x 
increases, whereas, for AF1 and AF3, the interactions behave si- 
milarly to those presented in Fig. 5a. The J's of AF1 and AF3 seem 
to dominate the corresponding Jo's in Fig. 5a. This is because the 
most significant exchange interactions happen between the 
nearest-neighbored atomic pairs in the (Fe,Mn) plane (not shown 
here) which are missed in the AF2 but are included in the AF1 and 
AF3 when calculating the Jj's (cf. sublattices in Fig. 1). For AF2, the 
weak couplings between sublattices correspond to its relatively 
close stability to that of FM state. For AF1 and AF3, the anti- 
ferromagnetic Jj(Fe-Mn) and Jj(Mn-Mn) competes with the fer- 


romagnetic Jj(Fe-Fe). Therefore, at low Mn concentration, the 


ferromagnetic Jj(Fe-Fe) is strong enough to keep the parallel 
alignment, although this results in unfavored parallel Fe-Mn 
alignment, accounting for the low energies of FM-(AF1/AF3) states 
as presented in Fig. 3. At moderate Mn concentration, AF1 be- 
comes most stable because the ferromagnetic J,(Fe-Fe) is weaker 
(easier to be surmounted) in AF1 than in AF3. At high Mn con- 
centration, the antiferromagnetic Jj(Mn-Mn) is very strong to 
form magnetic structure based on AF3. 


4. Conclusion 


To summarize, this study has calculated a series of possible 
magnetic configurations using EMTO-CPA method. The calculation 
shows that, on doping Mn, FM is no longer stable. The energies of 
different configurations are close to each other at x=0.2. For 
0.22 < x < 0.75, AF1 is stabilized. The analysis of their energetic 
stabilities in combination with the comparison between theore- 
tical and experimental Mfemn) Suggests that FM'-FM! is only 
stable in a narrow composition range of x < 0.06, in contrast to the 
experimental results measured in the films, which showed that 
FM! - FM! exists in a wide range of x < 0.5 [9]. This study gives the 
most stable configuration of FM-AF3 around x=0.8, which was 
not reported in experiments. The sudden drop in the experimental 
Fire.mn) at X=0.86 is due to the existence of AF3' - AF3! phase. The 
composition-dependent strength of magnetic couplings between 
sublattices in AF1, AF2 and AF3 dominates their stabilities. 
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